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ABSTRACT
Evaporat ive air cooling is an effective and environm entally benign method
of
cooling. Scientific evidence demonstr ating that chloroflu orocarbo n
refrigera nts
(CFCs) are contribut ing to the destructi on of the stratosph eric ozone
layer have
prompted legislativ e action aimed at reducing the productio n and use
of certain
CFCs. Enacted legislatio n, by necessita ting the introduct ion and use of
alternativ e
refrigera nts, will increase the cost of installing , operating , and
maintain ing
mechanic al refrigerat ion systems. Conversi on to alternativ e refrigeran ts
will reduce
the efficiency and capacity of existing systems. This paper describes how
evaporati ve
cooling methods can offset or eliminate the need for ozone-de pleting
refrigeran ts
used in new and existing refrigerat ive systems.

INTRODU CTION
Evaporati ve air cooling is an effective and environme ntally benign
method of cooling. Evaporativ e cooling can help alleviate global climatic
change in two ways: decreased electrical consumption compared to vapor
compressi on refrigerati on systems (hence decreased power plant emissions
and prevention of CFC usage since evaporativ e
and greenhous e gases);
coolers use no CFCs.
The 1987 Montreal Protocol on Substance s that Deplete the Ozone
Layer requires participat ing countries to effect a 50% reduction in
These reductions will cause
productio n of restricted CFCs by 1998.
s and, in conjunctio n
capabilitie
production
t
insufficien
to
shortages due
with excise taxes imposed by the United States governmen t, considerab ly
higher prices for CFCs. Current worldwide trends to control production of
fully halogenated CFCs wiJI provide increased opportunities for evaporativ e
cooling.
The role that evaporativ e cooling can provide in reducing fully
halogenat ed CFC use in this country is important since the largest
componen t of CFC usage in the United States is for air conditioni ng and
refrigerati on, which accounted for 33% of total U.S. CFC consumpti on in
This paper describes some methods that
1988 (Lukosius , 1989).
evaporativ e cooling can be used to offset CFC use for cooling in the
residentia l, commerci al, and industrial sectors.
EVAPOR ATIVE AIR COOLING AND CFCs
Evaporativ e air cooling is the cooling effect provided by the adiabatic
evaporation of water. Air is drawn through porous wetted pads or a spray,
and its sensible heat energy evaporate s some water, reducing the air's
The temperatu re of the nearly saturated moist air
dry-bulb temperatu re.
The air temperatu re
approache s the ambient air's wet-bulb temperatu re.
is reduced by 60 to 95% of the wet-bulb depression (ambient dry-bulb
Two methods of evaporativ e
temperatu re less wet-bulb temperatu re).
in which water evaporates
cooling,
direct
One method is
cooling exist.
directly into the airstream, thus reducing the air temperatu re and
The second method is indirect cooling, in which the
humidifyi ng it.
primary air is cooled sensibly with a heat exchanger, while the secondary
air carries away the heat energy from the primary air as generated vapor.
Two basic techniques are used for indirect cooling: one form uses a heat
exchanger in which water is used to evaporativ ely cool the secondary
airstream with the system supply air passing through the exchanger; the
second technique typically uses a finned tube heat exchanger in which the
circulating water is evaporatively cooled remotely using a cooling tower or
other direct process. Thermal storage tanks are sometimes used to take
advantage of low nocturnal wet-bulb temperatu res ro·· produce colder
Direct and indirect processes can be combined (indirect/d irect).
water.
Compared to refrigerate d systems, increased air flowrates are required for
evaporativ e comfort cooling to compensa te for the higher supply air
temperat ures.

Direct evapora tive cooling can provide comfort over approxi
mately
40% of the United States land area, from southern Californ
ia to central
Texas, and Arizona through Montana .
Indirect /direct evapora tive cooling
can provide comfort in an addition al 40% of the country
for central and
eastern areas outside of ihe lower Mississi ppi Valley and
humid coastal
plains. Relief cooling for greenho uses and industria l sites
can be provided
through out the United States (Watt, 1986).
Evapora tive cooling consum es signific antly less energy
than vapor
compres sion refrigera tion.
The only power consumi ng compon ents of an
evapora tive cooler are fans and small water pumps;
refriger ated air
conditio ners and heat pumps are more complex , having more
fans and a
compres sor.
The energy savings realized by use of a direct evapora tive
cooler instead of vapor compres sion air conditio ning systems
are shown in
Table 1.
' TABLE 1
DIRECT EVAPOR ATIVE COOLER ENERGY SAVING S COMPAR
ED TO A
REFRIG ERATED AIR CONDIT IONER OR AN ELECTR IC
HEAT PUMP

City
Burban k
Phoenix
El Paso
Denver
Spokan e

Evap Cooling Energy Savings Compared to
Air Conditioner
Heat Pump
69%
70%
74%
72%
68%
69%
69%
70%
70%
71%

Source:: Gofdlnn Assocuucs, 19 I I.

Energy savings of evapora tive coolers vary with humidit y
levels and
tempera tures.
Direct systems in low humidit y zones typically realize an
energy savings of 60 to 80% over refriger ated systems .
Indirect /direct
and three-st age indirect -indirec t/direct systems realize
a 40 to 50%
energy savings in moderat e humidit y zones.
Indirect systems with
refriger ative second stages can provide adequat e comfort
cooling in high
humidity zones with a savings of 20 to 25% (Watt, 1987).
With the enacted and propose d CFC regulati ons, the impact
on the
refriger ation industry will be greatest in the commer cial
.sector.
The
compres sor and heat transfer surfaces currentl y in use have
been designed
and optimize d for CFC-11 and 12. The use of CFC substitut
es will require
compro mises in energy consum ption, capacit y, and
other design
paramet ers. For example , using HCFC-123 in a unit designed
for CFC-11
will result in a perform ance degrada tion of approxim ately
16% (Rothery ,
1990).
If the cooling system in a building loses cooling
capacity ,
insuffic ient cooling may result during peak cooling hours,
dependi ng on
how the building is designed .
Evapora tive cooling will contribu te towards reductio ns
of fully
halogen ated CFCs in the commer cial and industria l sectors,
which now use
virulent ozone depletin g CFCs in their cooling systems. Evapora
tive cooling
is useful in many commer cial and industri al applicat ions,
such as spot
cooling , commer cial greenho uses, loading docks, factories
, lobbies, large
kitchens , poultry houses, laundrie s, and other similar situation
s. Comfort
cooling can be provided through out the country with staged
and hybrid

(evaporativ e
systems.

and

refrigerativ e

systems

combined)

evaporative

cooling

DIRECT EVAPORATIVE COOLING
The most widespread use of direct evaporative air coolers in the
United States is for cooling in residences. While it is known that at least
3.2 million residential evaporative coolers (representin g about 4% of total
households) are in use (DOE/EIA, 1984), 3.5 million residential systems is
a more reasonable estimate and used in the analysis below (Kaly, 1989).
Most of these coolers are located in the Southwest and are almost without
exception direct evaporative coolers.
Extrapolatin g the results obtained by a study done in 1977 (Gordian
Associates, Inc.), residential direct evaporative coolers in the Western
United States today annually displace the energy equivalent of at least
10.5 million- barrels of fuel oil per year in comparison to refrigerated
cooling systems.
Refrigerate d residential air conditionin g in the United States almost
exclusively uses HCFC-22 (R-22) as a refrigerant. In 1986, 104 miJlion
pounds of R-22 were used for air conditioning (Cox, 1989), with about 30
million residential refrigerated air conditioner s in use (DOE/EIA, 1984 ).
Conservativ ely, existing residential evaporative coolers have obviated the
use of at least 21 million pounds of R-22 directly, based on 6 pounds
refrigerant used per residential refrigerated system (typical systems will
use from 6 to 12 pounds), and have obviated far more due to displaced
recharging of refrigerated systems. R-22 has from 1/20 to 1/7 the ozone
depletion effect of R-12 (estimates vary). R-22's current total contribution
to overall ozone destruction is probably less than one percent (Shea, 1988).
Therefore, the potential of residential evaporative cooling for ameliorating
ozone depletion is very small, and will remain so, even if a very large pan
of the U.S. residential market used evaporative coolers instead of
R-22 is not regulated by the Montreal
refrigerated air conditionin g.
a significant part of the ozone depletion
considered
yet
not
is
it
as
Protocol
problem by the Protocol or the EPA. However, several bills pending in
Congress have been introduced to regulate R-22, and if such legislation is
enacted, then there will be additional opportunitie s for evaporative coolers
to provide comfort residential cooling in the country.

INDIRECT /DIRECT EVAPORA TIVE COOLING
Depending on climate conditions, many buildings can replace their
refrigerated air conditionin g systems with indirect/dir ect evaporative
Many buildings in the Southwest use refrigerated air
cooling systems.
conditionin g, which can be replaced with indirect/dir ect evaporative air
conditioning systems to provide comfort cooling. One problem for retrofit
situations is that existing building ducts may be inadequately sized for the
increased airflow delivery required by indirect/dire ct evaporative coolers.
Performanc e of an indirect/dir ect evaporative cooler is shown for
ASHRAE 1% summer design conditions (dry-bulb/m ean coincident wet·
bulb) for Denver, Albuquerque, Las Vegas, and El Paso. in Table 2. The
psychrometric process is shown in Figure A. The cooler 1s assumed to have

a 65% indirect and an 85% direct effective ness and is represent
ative of
normal commerc ial equipme nt (even greater effective ness is achievab
le).
An indirect cooler provides sensible cooHng of the outside air, followed
by
an evaporat ive cooling effect from the direct cooler. In the Denver
case,
the represen tative indirect/ direct evaporat ixe . cooler can deliver
54°F
supply air for ASHRAE 1% c;lesign condition s.
These deliverab le air
temperat ures can cool a building sufficien tly to provide comfort
for the
occupant s without refrigera tion. Thus, buildings located in the West
can
satisfacto rily obtain comfort cooling without refrigera ted systems
by using
indirect/ direct evaporat ive cooling.

TABLE 2
INDIREC T EVAPORA TIVE COOLING AND PRECOOL ING

ASHRAE 1% a
Design Condition
9 3/5 9
96/61
I 08/66
100/64
93/70
94/75
92/74
102/75

I

Site
Denver
Albuque rque
Las Vegas
El Paso
Los Angeles
Chicago
New York City
Dallas

'

Ind/Dir b
Supplv Air
54/51
56!5 3
61/5 7
59/56
6 7/6 5
73/72
72/71
72/70

% J:aoacity_ Adde_d c

Precoole rl
14%
14%
15%
13%
7%
5%
5%
7%

Precoole r2
47%
43%
37%
37%
22%

0

II%

13%
14%

Ail tem_llcratures arc in degrees Fahrenheit , Dry-bulb/Me~n Coincident
Wet-bulb.
Source: ASHRAE, 1989.
bAll cases assume an overall performanc e factor of 65% for the indirect
process and a
saturation effectivene ss of 85% for the direct process.
0 Thc
overall performanc e factor of Precooler 1 was 65%; the overall saturation
effectivene ss of Precooler 2 was 85%, and the heat exchanger effectivene
ss of B was 80%.
20% outside air was mixed with return air. Rc1um air was 78/66°F
and supply air was
55/52.SOF .
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FIGURE A
INDIREC T/DIRECT EVAPORA TIVE COOLING PROCESS

EVAPORATIVE PRECOOLING
Evaporative cooling can be used throughout the United States as a
supplemental precooler to increase capacity for some of the estimated 4.1
Indirect coolers
million commercial buildings with refrigerated systems.
Direct
without a direct stage can precool all summer make-up air.
evaporative precoolers can be used on air-cooled condenser coils.
Evaporative precoolers will be an important application in the near future
as fully halogenated CFCs are phased out. Since the alternative HCFCs and
HFCs are less efficient refrigerants than the fully halogenated CFCs,
additional capacity may be needed if these refrigerants are to be used in
An evaporative precooler can be
marginally sized existing equipment.
used to offset the reduced equipment performance.
In addition to reduced performance with substitute refrigerants,
The new
cooling systems will be faced with increased system loads.
ASHRAE Standard 62-1989 reflects concerns over indoor air quality and
Many cooling
essentially quadruples ventilating flowrates per person.
systems already have surplus capacity and may not be adversely affected.
However, for those buildings that cannot tolerate a decrease in capacity,
either the load must be reduced or the cooling capacity increased.
One way to increase capacity would be to place additional chilling
equipment in buildings. A less expensive method would be to use indirect
A retrofit for an
or direct evaporative precoolers on a building.
evaporative precooler can be relatively easy to place. As noted earlier, for
drier parts of the United States, indirect/direct evaporative coolers can
provide all of the comfort cooling needed in a commercial building.
Two cases for indirect evaporative precoolers are shown in Figure B.
Case 1 places the evaporative precooler in the ventilation airstream, and
Case 2 places the precooler after the mixed airstream, thereby requiring a
larger heat exchanger due to the higher air volumes. Case 2 might not be
an economically attractive alternative due to this considerably larger heat
For both cases, a return air temperature of 78° and 66°F
exchanger.
(78/66) dry and wet-bulb temperatures was assumed. The supply air was
The overall effectiveness of the
provided to the building at 55/52.5.
indirect precooler and heat exchange process (performance factor) in Case
1 was assumed to be 65%. In Case 2, the effectiveness of the direct stage
of the precooler was assumed as 85%, and 80% effectiveness for the heat
exchanger.
ASHRAE 1% summer design conditions for New York City, Los Angeles,
Dallas, and Chicago are shown in Table 2, along with the percentage
capacity added to the system for the two evaporative precooler cases.
Note that even though these areas have a relatively high wet-bulb
temperature, 5 to 7 percent capacity was added to the system for Case I,
and even more for Case 2. Thus, indirect evaporative precoolers can add
significant capacity to a building's cooling system to help compensate for
the decreased performance of substitute refrigerants and to accommodate
increased system loads due to increased ventilation.
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FIGURE B
INDIRECT EVAPORA TIVE PRECOOLE RS:

CASES 1 & 2

The performan ce of refrigerati on systems can also be enhanced by
evaporativ ely precooling air used to cool condenser coils. The retrofit is
easy and both power savings and increased capacity for the cooling system
are realized. An added advantage is that the direct precooler will reduce
summer head pressures and thus extend compresso r life.
In a direct evaporativ e precooling process, panels of wetted medium
are used mounted on condenser faces to precool all condenser air.
Precooler panels should be sized at sufficientl y low face velocities to
prevent carryover of water and subsequent scaling of the condensing coils.
A direct precooler added to a 40 ton rooftop air conditione r operating
at 95°F and 40% relative humidity, reduced head pressure by 12.6%,
reduced power draw by 6%, increased the EER (Energy Efficiency Ratio) by
12.6% and the capacity by 6.6% (Research Products Corp). Figure C shows
the difference in power input and cooling capacity with and without a
precooler for a 7-1/2 ton air conditioner using R-22.
Energy savings from the installation of direct precoolers on air-cooled
condenser s are substantial. In the West, energy savings of over 20% are
possible, while in the East, savings from 5 to 10% can be expected (Figure
D). Simple payback in the West typically is in two years or less. For
instance, installatio n and capital cost of a direct precooler over the
condensin g coil of a York 30 ton unit would cost approxima tely $2,670,
with an estimated first year energy savings of about $2,850 in Phoenix
(Energy Saver Mfg. Co.).
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FIGURE C
POWER SAVINGS AND INCREASED COOLING CAPACITY FOR A 7 112 TON
R-22 AIR CONDITION ER

FIGURE D
ENERGY SAVINGS FOR DIRECT EVAPORATI VE PRECOOLER S IN U.S.

CONCLUSI ONS
Residential evaporative cooling will play no significant role in
alleviating ozone depletion since R-22, which is the dominant refrigerant in
unitary applications , is a negligible contributor to ozone depletion. Current
residential evaporative coolers have prevented the direct usage of at least
21 million pounds of R-22. If R-22 is regulated or banned in the future.
there will be new opportunitie s for evaporative cooling.
In the West, indirect/dire ct evaporative coolers can generally provide
supply air from 55° to 65°F, eliminating the need for refrigerated air
conditionin g for commercial buildings.
Cooling systems that incorporate R-11 and R-12, typical in commercial
applications , may need to use alternative refrigerants by the end of the
decade, resulting in a decrease of cooling capacity of 10 to 20%.
Enhanceme nt of refrigeration systems through evapor~tive precooling will

be an econom ically attractiv e option.
Indirect evapora tive precoole rs for
ventilat ion air can augmen t system cooling capacity
from 5 to 20%,
dependi ng on ambient conditio ns.
Direct evapora tive precoole rs on aircooled condens er coils increase capacity similarly , as
well as realize energy
savings from 5 to 20%, again depende nt on local design
conditio ns.
Evapora tive precoole rs can offset a cooling system's
capacity loss due
to a substitu te refriger ant without a costly upgrade
or retrofit of an
existing chiller and realize energy savings .
Indirect /direct and direct
evapora tive coolers will also gain importa nce due to
energy savings and
non-use of CFCs. Evapora tive cooling, simple and benign,
offers a partial
solution to the CFC crisis.
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